Underwater explosions in the Kirkcaldy Bay region of the Firth of Forth, Scotland, recorded by the British Geological Survey's LOWNET array (Crampin et al.) generate seismograms which are characterized by a long dispersed wavetrain. On the assumption that these waves are caused by the shape of the dispersion curves, phase and group velocities are analysed to determine the structural parameters of a model of the Kirkcaldy Bay region to which they are most sensitive. The shear-wave velocity and thickness of the sea-bottom sediments are found to be most influential in determining the shape of these dispersion curves. Simple synthetic seismograms constructed for a solid model of the Kirkcaldy Bay region (formed by excluding the water and sediment layers) confirm that the extended wavetrain cannot be caused by the source. The source effects increase the duration of the seismogram by only a few seconds, compared to over 30 s for the effects of dispersion, and are thus not significant.
INTRODUCTION
Underwater sources, particularly explosions, are commonly used in both refraction and reflection experiments in Britain (see for example Bamford et al. 1976; Hall 1978; Blundell 1983 ). This is due partly to the enhanced coupling efficiency at seismic frequencies of underwater explosions compared to underground explosions, especially when detonated at an optimum depth (Jacob 1975) . The surface wave data generated from this type of source, contains information concerning the shear-wave velocity structure in the sea-bed sediments and upper layers of the crust. The sediment structure is not usually significant in body wave studies, as the propagation paths include a large proportion of the solid basement rock. Surface waves, however, are more sensitive to the fine shallow structure of the sea-bed structure. Previous studies such as Essen et al. (1981) and Tuthill, Lewis & Garmany (1981) have utilized this sensitivity and measured low-velocity (< 1.5 km s-l) Stoneley waves to derive a shear-wave velocity structure for the sea-bed sediments.
Here we are concerned with seismograms resulting from underwater explosions in the Firth of Forth and recorded locally on LOWNET which exhibit a remarkably well recorded long surface wavetrain. The dispersed waveforms from each explosion which show this phenomenon are irregular in shape and appear to be highly dispersed, having a mean frequency of around 1.2 Hz. The velocity ranges from 0.4 to 2.8kms-', which indicates that the surface wave energy must penetrate the sea-bed sediments and the underlying solid layers. These long dispersed waveforms are observed even at the most distant stations of LOWNET where only 12 per cent of the travel path includes the sea-bed sediment structure. The data are described in more detail in the next section. Although the dispersed wavetrain is a common feature no two seismograms are the same although all of the explosions occur in a small epicentral area (2 km'). Although similar recordings have been observed from other locations within the UK the principal concern here is with the observations in the Kirkcaldy Bay region. The conclusions obtained from analysing these have a general implication. The wavetrain is analysed on the initial assumption that dispersion effects are dominant. The structural parameters to which phase and group velocity Time (seconds) Figure 1 . Seismograms A-J generated by underwater explosions in different offshore locations around Britain. Event and recording station details corresponding to A-J are given in Table 1. curves are most sensitive is the subject of particular investigation but source effects are considered to investigate their influence on the surface wave duration. This is achieved by using simple surface wave modelling techniques to construct seismograms of the Kirkcaldy Bay explosion recordings.
DATA
A search of the seismograms recorded in the UK and held by the British Geological Survey (Browitt, Turbitt & Morgan 1985) was conducted to find records which exhibit the extended surface wavetrain seen from the Kirkcaldy Bay explosions. Although many recordings were scrutinized the phenomenon was found for only two other explosions and epicentres. Fig. 1 shows several different seismograms, recorded using Willmore MkIII seismometers, generated by underwater explosions at various locations around the coast of Britain. The locations of the explosions are illustrated in Figs 2(a) and (b) and the source parameters, origin times, geographical coordinates, recording stations and estimated epicentral distances are given in Table 1 . The epicentral distances range from 25 to about 170km. Although recordings of the Kirkcaldy Bay explosions on LOWNET stations show the dispersed wavetrain, the seismograms recorded at the station ED1 (G-J in Fig. 1 ) are particularly suitable for detailed analysis because the path to this station covers the largest proportion of the Firth of Forth estuary, sea-bed sediments accounting for over 75 per cent of the propagation path (see Fig. 2 of MacBeth & Burton 1986 for a complete set of LOWNET recordings of the 1979 February 8 explosion). As the ED1 seismograms from Kirkcaldy Bay presented in Fig. 1 are records of shots at similar locations then the explanation of lateral reflections as the cause of this phenomenon must be ruled out because no two seismograms have similarly positioned wavepackets. It is interesting to compare these seismograms with the recording at station ED1 of an underwater explosion near the Isle of May (F in Fig. 1 ) at the mouth of the Firth of Forth. Although about 90 per cent of the propagation path from the Isle of May is across the Firth of Forth this trace has no readily identifiable surface wave portion. The absence of surface waves from this explosion is evident at several other stations in the LOWNET array and, as is demonstrated later, this behaviour is due to variations in the sediment thickness, a structural feature to which the high-frequency surface waves are most sensitive. It is not a result of an instrumental failure.
As previously stated the extended surface wavetrain is not a unique observation, for example an explosion near the Thames estuary recorded on station AWH of the East Anglia network (Browitt et al. 1985) of the British Geological Survey provides perhaps the best example of the surface wave phenomenon (E in Fig. l) , with the wavetrain persisting for about 1 min. However a similar explosion off Cromer recorded at AWH fails to produce the extended wavetrain (D in Fig. 1 Worzel & Ewing (1948) and analysed on the assumption Use of a -sign in a column indicates that only very approxin that they are Stoneley waves (which are usually the most significant of all surface wave arrivals from underwater sources (Pilant 1972) to estimate shear-wave velocities in sediments (for example Hamilton et al. 1970; Davies 1965; Essen et al. 1981 and Tuthill et al. 1981) . These studies show that the shear-wave velocity structure of the soft sea-bed sediments (between 10 and 20rn thick) determines the character of the recorded wavetrain. Even deeper sediment structure has been resolved by Brocher (1983) using a similar technique. The long wavetrains illustrated in Fig. 1 are assumed to be due to dispersion caused by variation in velocity within the sediment structure. To test this assumption the dispersion characteristics for an earth model, which includes a water and sediment layer, are obtained using the standard method of Schwab & Knopoff (1972) , which divides the structure into a number of horizontal homogeneous layers. However, the method is modified according to Schwab et al. (1984) to permit accurate computation of dispersion at high frequencies. The technique is readily adapted to deal with phase velocities less than the speed of sound in sea-water. The earth model (FF1) used in this analysis is tabulated in Table 2 . Each Kirkcaldy Bay explosion is detonated at the sea-bottom (M. K. Broderick, Admiralty Research Establishment, personal communication) in 24 m of water, consistent with the bathymetry given by Thomson (1977) . Following MacBeth (1983, we take the compressional wave velocity and density in the sea-water to be 1.49 km s-l and 1.02 g respectively. The velocity structure for the (1970) show that the compressional wave velocity and density are around 1.519 km s-l and 1.52 g~m -~, respectively. An average shear-wave velocity of 0.189 km s-', based on Hamilton (1976) , is calculated for this facies. These values are used for layer 2 of model FF1. The wavelengths of the surface waves in this study range from about 0.1-5 km and so it is also important to consider the structure of the underlying solid basement rock. This is modelled using the shear-wave velocity profile obtained from Fig. 7 (b) of MacBeth & Burton (1986) for the path to station EDI. The upper solid layer (layer 3 of FF1) of this model is reduced so that the combined thickness of the sediment and this layer is 0.3 km. As shear velocities are most significant in affecting the Rayleigh/Stoneley waves (Davies 1965) , the compressional wave velocity and density are, for the purposes of the dispersion analysis, calculated using the established relations to shear velocity cited in MacBeth & Burton (1985) , assuming Poisson's ratio to be 0.27 for the solid rock layers 3-8 in model FF1. The phase and group dispersion characteristics for the fundamental and first higher mode in the frequency range 0.1-5.0Hz, computed using the model FF1 are shown in Fig. 3(a) with the corresponding distribution of shear-wave velocity with depth shown in Fig. 3(b) . One of the most significant features of these fundamental and higher mode curves is the rapid decrease in velocity over a short range of frequencies (about 1.8 km s-l in 1 Hz). It is suggested that this large change of velocity for a small change in frequency is responsible for the protracted waveform observed at EDI.
Another feature is the minima in the higher mode group velocity, which would give rise to distinct 'Airy phases' in the seismogram. The fundamental mode group and phase velocity are practically constant between 3 and 5 Hz, tending towards an asymptote of 0.16 km s-'. The fundamental and first higher mode group velocity curves corresponding to this model are superimposed in Fig. 4 on a velocity-frequency diagram (Dziewonski, Bloch & Landisman 1969) of the seismogram J. This representation shows that the energy in the seismogram is concentrated in a narrow frequency band. 
Sensitivity analysis
In order to ascertain which of the structural parameters in the earth velocity model are most influential on the wave propagation, the sensitivity of the theoretical dispersion to the water layer, sediment shear-wave velocity, sediment thickness and shear-wave velocity in the solid layer underlying the sediment is examined. This is achieved by plotting phase and group velocity curves for a range of each of these four parameters in Figs 5 , 6, 7 and 8. In Fig. 5 dispersion curves are plotted for water thicknesses between 0 and 200m and the curves corresponding to the plausible range (10-50 m) in Kirkcaldy Bay are marked. Within these values the dispersion curves differ by less than 0.15 km s-'. The shear-wave velocity in the solid layer underiying the sea-bed sediment is varied between 1.1 and 1.7 kms-' in Fig. 6 , Poisson's ration remaining at 0.27 throughout. The curves corresponding to the expected range of shear-wave velocities for the path to station ED1 in MacBeth & Burton (1986) are also marked, indicating a variation of less than 0.07 km s-' in the dispersion. Phase and group dispersion curves are shown in Fig. 7 for sediment shear wave velocities between 0.10 and 0.25 km s-l, which represents the variation in wave velocity for sediments of a similar facies to that in the Firth of Forth measured by Hamilton et al. (1970) and Hamilton (1976) . An important feature of this diagram is the marked sensitivity of the steep low-frequency gradient, large changes of around 1.7 km s-l being exhibited for relatively minor changes (0.15 km s-') in the sediment shear-wave velocity. Sensitivity to sea-bed thickness is shown in Fig. 8 , phase and group velocities being plotted for thicknesses between 0 and 100m. The curves are remarkably sensitive to small changes in this parameter (compare this to similar variations in water thickness in Fig. 5 ), the variation amounting to a maximum of 2.4 km s-l at some frequencies. The general trend of change in the dispersion curves with increasing sediment thickness follows that of decreasing sediment shear-wave velocity in Fig. 7 . Within the plausible range of sediment thickness for the Firth of Forth, the dispersion varies by about 1.2 km s-'.
The sensitivity curves in Figs 5-8 must be taken into account when considering the importance of each of the structural parameters of model FF1 in shaping the resultant seismogram. Variations in the water thickness and the shear-wave velocity in the solid layer underlying the sediment, within the acceptable ranges defined by the bathymetry and bounds on the inversion model of MacBeth & Burton (1986) respectively, produce effects on the dispersion of less than 0.15 km s-'. However, the dispersion curves are very sensitive to variations in the shear-wave veIocity and thickness of the sediment layer. Increasing the thickness or decreasing the shear-wave velocity increases the gradient of the steep low-frequency portion of the phase and group velocity curves. This sharp increase results in a lengthening of the wavetrain, and a reduction in the width of the frequency spectrum. Plausible variations in the thickness and shear-wave velocity of the sediment layer produce changes in the dispersion of up to 1.2kms-'. These two parameters are therefore the most significant in affecting the desired nature of the dispersion curves and hence the seismogram for earth model FF1. 
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A plot of the partial derivatives of group velocity with respect to shear-wave velocity for different frequencies and depths (Fig. 9) highlights the significance of the sediment layer in the Stoneley wave propagation through model FF1. Beyond 1.5 Hz the wave energy is almost entirely confined to the sediments.
Alternative explanations for the cause of the phenomena in the seismograms of Fig. 1 must also be considered. There is no evidence of lateral refractions in the seismograms. P-wave generated surface wave noise (Key 1967) offers another possible explanation, but it is not likely that this would feature with such prominence in the surface wave portion of the seismogram. Interaction of the seismic waves with the coast, which must certainly play a role in shaping the waveforms recorded on land, is beyond the scope of this present work. Reverberations of the waves in the water layer and pulsations of the bubble generated by the explosion may also have an effect on the length of the waveform and simple modelling is used to investigate whether this is a contributive factor or not.
Simple synthetic seismograms
The presence of water and sediments are not the only factors which could give rise to a long wavetrain from an underwater explosion. At the source the water layer increases the duration of the generated wave due to bubble pulsations and wave reverberations (Wielandt 1975) . To evaluate the extent to which these effects contribute to the overall phenomenon, simple synthetic seismograms which include both fundamental and first higher modes are computed. Synthetic surface waves are derived by computing the overall complex amplitude spectrum using the spectral components described in MacBeth & Burton (1987) , then taking the inverse Fourier transform. The complex source functions for the bubble and reverberation effects are taken from Wielandt (1975) . The fundamental mode medium response corresponds to that of a homogeneous fluid layer overlying a solid half-space (Ewing, Jardetsky & Press 1957; MacBeth 1983) . This is multiplied by w 2 (where w is the angular frequency) to give the higher mode response. The phase retardation due to propagation is included by utilizing the phase dispersion curves. The instrument response used is that of a Willmore Mk 111 seismometer. An anelastic half-space with Q,' of 0.02 (MacBeth & Burton 1987 ) is assumed throughout and incorporated via an exponential attenuation function in the frequency domain. Each of the five synthetics (A-E) in Fig. 10 are calculated for a distance of 25 km, corresponding to the distance from the Kirkcaldy Bay explosions to station ED1 of the LOWNET array. The Kirkcaldy Bay shots are exploded on the sea-bottom with a yield of approximately 155 kg of TNT (M. K. Broderick, personal communication) and this is taken into account in the model.
The surface waves A and B propagate in model FF1 and the remaining in a velocity model corresponding to the solid rock part of FF1, with no water or sediments. Fig. ll(a) and (b) contrast the dispersion curves for these two models. In the first and third seismograms (A and C in Fig. lo) , only the shock wave contributes to the signal, whereas the source for the second, fourth and fifth seismograms (B, D and E) undergoes one bubble pulse. For seismogram E the water layer at the source is reduced to 3 m depth in an attempt to create modulations in the spectrum and a shift in the energy to higher frequencies (and hence slower propagation).
The different character of the seismograms can be seen immediately. The seismograms for the solid model (C, D and E ) contain overlapping, but distinct fundamental and first higher modes, whereas the modes in the longer, low-frequency waves of A and B (30s long) corresponding to FF1 interfere to produce an irregular wavetrain. The seismograms A and B are of similar duration and character to those observed from the Kirkcaldy Bay explosion in Fig.  1 . Comparing seismograms C , D and E, the number of source pulses does not appear to significantly affect the duration of the wave. The decrease in water thickness to 3 m does, however, increase the seismogram by 1 s. The effect of changing the source model is evident mainly in the lower frequencies of the seismograms C-E. The fundamental model of D contains more low-frequency energy, propagating more slowly, than that of C. A noticeable feature of A and B, not observed in the seismograms of Fig. 1 , is the small concentration of high-frequency energy arriving at around 26s. This is an 'Airy phase' which is due to the second minimum in the first higher mode dispersion curve [ Fig. ll(b) ]. The observations of Fig. 1 F r e q u e n c y I H z l Figure 11 . Phase and group dispersion curves for fundamental and first higher modes used in the calculation of the synthetic seismograms of Fig. 10 frequencies preceding the main wavetrains. This portion of the observed seismograms may result from the interference of S and scattered S-waves (scattered and hence delayed) with second and higher mode Stoneley waves. Notwithstanding the differences in detail between the observations and the seismograms of Fig. 10 this analysis suggests that the gross characteristics of unusual seismogram length and irregular wavetrain are a direct consequence of the interaction of two or more surface wave modes in the presence of a significant layer of low-velocity sea-bed sediment. The sensitivity of the dispersion to the sediment structure suggests that the inconsistency in the seismograms from explosions in Kirkcaldy Bay is probably due to variations in the wave velocity of the sea-bed sediments anywhere along the propagation path or near to the shot area. This sensitivity to structure could well account for the lack of Stoneley waves for the Isle of May seismograms in Fig. 1 which is probably due to the scattering of energy as a result of variations in the sea-bed thickness along the propagation path.
CONCLUSIONS AND DISCUSSION
Local recordings of underwater explosions from different offshore locations have been examined and a long wavetrain feature observed on seismograms from explosions in the Kirkcaldy Bay region of the Firth of Forth. This characteristic wavetrain is also identified on two other seismograms recorded elsewhere from explosions offshore Britain. On the premise that dispersion is the main cause of this phenomenon, an analysis of the sensitivity of the phase and group velocities to variations in the seawater thickness, sea-bed sediment thickness, shear-wave velocity in the sea-bed sediments and underlying solid structure was undertaken. The most significant effect on dispersion and hence the seismogram shape in the frequency range 0.1 to 5.0Hz is the sediment structure. The initial model for the Firth of Forth for this perturbation analysis is derived from the results of Thomson (1977) and MacBeth & Burton (1986) . Although both source effects and dispersion characteristics can produce an increase in the duration of the seismogram, a synthetic surface wave study revealed that the most effective and likely cause of the observed lengthy seismograms is dispersion, since source effects alter the duration of the wavetrain by less than a second. The necessary degree of dispersion in the frequency range observed is readily introduced by a few tens of metres of soft low-rigidity sediments. This is in accord with the available geological data on the Firth of Forth (Thomson 1977) . The sensitivity of surface waves generated by underwater explosions, to the sea-bed sediments, has a profound effect on the extent to which one can extract information about the underlying structure. The presence of a sediment layer distorts the distribution of surface wave energy with depth, most of the energy being concentrated in the sediment. At the highest frequencies observed in this study the trapping of the surface wave energy in the sea-bed sedimentary layer appears to be virtually complete. At the sea-land boundary, this energy will be transferred efficiently to layers at similar depths because the shear-wave velocity on land in the near surface soil in sedimentary areas is almost as low as in the sea-bed sediments (Hamilton 1976) . Thus information on structure below this upper layer is made more difficult to resolve, and the surface wave data cannot be used to corroborate the results of any body wave study of the region. By the same token the high-frequency surface waves provide an excellent means of determining the thickness and shear-wave velocity of sea-bed sediments, complementing information obtained by seismic profiling techniques. These results emphasize the potential wealth of information available in surface waves from the various refraction and reflection experiments around Britain which may be used to help resolve the structure of sea-bed sediments.
